Background--Whether the type of dietary fat could alter cardiometabolic responses to a hypercaloric diet is unknown. In addition, subclinical cardiometabolic consequences of moderate weight gain require further study.
with PUFA has been associated with moderately reduced risk in cohort studies and controlled trials. 4, 5 However, it is unknown whether the type of dietary fat plays any role during energy excess and weight gain. Such information would be highly relevant in dietary prevention of obesity-related disorders, especially considering that a large part of the population is overeating and is in chronic positive energy balance. We recently reported that PUFA causes less liver and visceral fat accumulation than do SFA, 6 but the influence on plasma lipoproteins and other CVD risk markers has not been reported. We aimed to study the effects of dietary fat composition during modest weight gain, in a double-blind, randomized, 2 parallel-group overfeeding trial using muffins that only differed in the type of fat. We hypothesized that PUFA from sunflower oil could counteract some of the adverse cardiometabolic effects associated with diet-induced weight gain, in comparison with SFA from palm oil.
Methods Participants
Fifty-five healthy volunteers were recruited by local advertising. The details of the study design have been previously described. 6 In brief, inclusion criteria were age 20 to 38 years and body mass index 18 to 27 kg/m 2 , and exclusion criteria were, among others: diabetes; abnormal clinical chemistry results during screening; intolerance to gluten, egg, or milk; medications influencing energy metabolism; omega-3 supplements; and heavy exercise >3 times/week. All subjects gave written informed consent, and the study was approved by the regional ethical committee.
Study Design
The LIPOGAIN study was a 7-week, double-blind, parallelgroup, randomized trial, carried out in Uppsala, Sweden from August through December 2011. The details of the study design and protocol have been previously reported. 6 
Outcome Measures
The primary outcomes of this study were liver fat content and body composition, measured with magnetic resonance imaging, results that have been previously reported. 6 The present study reports on the following parameters: predefined secondary outcome measures of cardiometabolic risk factors including systolic and diastolic blood pressure, fasting blood lipoproteins, lathosterol, proprotein convertase subtilisin/ kexin type 9 (PCSK9, a hepatic LDL-receptor regulator), fibroblast growth factor 21 (FGF21) and nonesterified fatty acids (NEFA); glucose, insulin, homeostasis model assessment of insulin resistance, and proinsulin; markers of endothelial function and coagulation vascular cell adhesion molecule-1, intercellular adhesion molecule-1, E-selectin, endostatin, and von Willebrand factor; and inflammation markers C-reactive protein, interleukin (IL)-6, IL-8, IL-15, IL-1 receptor antagonist, tumor necrosis factor a (TNFa), and soluble TNF receptor 2. Samples with C-reactive protein level ≥10 mg/L were excluded from analyses of inflammation markers, to avoid bias due to acute infections.
Dietary Intervention
Participants were instructed to maintain their habitual diet and physical activity level. The PUFA group received muffins high in n-6 PUFA from sunflower oil containing mainly linoleic acid (18:2n-6) and the SFA group received muffins high in SFA from palm oil (ie, not palm olein), containing mainly palmitic acid (16:0). The fatty acid profiles of the oils have been described in detail. 6 In brief, sunflower oil comprised 65%
18:2n-6 PUFA, 24% 18:1n-9, and 6% 16:0, whereas palm oil comprised 9% 18:2n-6, 37% 18:1n-9, and 48% 16:0. Both oils were refined, but not hydrogenated. The muffins were otherwise identical in ingredients, taste, and structure; they were baked in large batches under standardized conditions in a metabolic kitchen at Uppsala University, distributed weekly at the clinic, and added to the participants' habitual diets. Each muffin provided 240 kcal of which 51% of energy (%E) was fat, 5%E protein, and 44%E carbohydrate. The amount of muffins was initially 4 per day and increased or decreased by 1 muffin per day depending on the rate of weight gain of the individual, aiming at 3% weight gain in 7 weeks. There was no prespecified period of weight stability during the study. Participants were instructed to abstain from physical exercise or alcohol intake 48 hours before measurements.
Laboratory Analyses
Blood samples were drawn after an overnight fast (12 hours 
Statistical Analysis
Power calculations were performed based on the primary outcome liver fat content. Non-normally distributed variables were log-transformed, or analyzed with nonparametric tests if normality was not attained as judged by Shapiro-Wilk's test and by visually examining QQ-plots. Normally distributed variables are given as meanAESD and non-normally distributed variables as median (interquartile range). Analyses were performed on an intention-to-treat basis. Differences in changes between groups were analyzed with a t test or the Mann-Whitney U test. Adjustments for baseline values were not performed. Differences from baseline to follow-up were analyzed with a paired t test or Wilcoxon signed-rank test. P-values <0.05 were considered statistically significant. Data were analyzed with SPSS version 21 and JMP version 10.0.0 software.
Results
Fifty-five individuals were assessed for eligibility. Of these, n=41 met the inclusion criteria and were randomized. Two individuals left the study before baseline investigations. Of the remaining 39 individuals, all completed the study ( Figure 1 ). The groups were similar at baseline with regard to age and sex, but there were slight imbalances in body weight, body mass index, and waist girth (Table 1) . Five individuals were smokers and the vast majority (>90%) were white. It was not feasible to detect potential differences related to sex or race. PUFA and SFA groups consumed on average 3.2 and 3.1 muffins daily, respectively. Dietary intakes before and during the intervention have been described in detail elsewhere 6 :
Total fat intake increased by 5AE6%E in both groups, PUFA intake increased by 8AE2%E in the PUFA group, and SFA intake increased by 5AE3%E in the SFA group, which was also well reflected in both plasma and adipose fatty acids. 6 As reported previously in detail, 6 the overall diet during the intervention as assessed by repeated 4-day food records was rather high in fat (%37%E to 40%E) but more moderate in carbohydrate (%43%E to 47%E). The added muffins provided %5.3%E more linoleic acid, and 4.4%E less palmitic acid, in the PUFA compared with the SFA group. Physical activity did not change or differ between groups, as reported elsewhere. 
Between-Group Comparisons
The total:high-density lipoprotein (HDL) cholesterol, LDL:HDL cholesterol, and apolipoprotein B:AI ratios were lower in the PUFA group compared with the SFA group (Table 2 and Figure 2 ). There were no significant differences between groups in total, LDL, or HDL cholesterol, apolipoprotein B or AI, triglycerides, PCSK9, lathosterol, or FGF21 (P≥0.10), but non-HDL cholesterol tended to be lower during the PUFA versus the SFA diet (P=0.06). There were no significant differences between groups for markers of endothelial function (Table 2) or inflammation (P>0.14, not shown).
Whole-Group Effects
In the 2 groups combined, weight gain was accompanied by a 6% increase in HDL cholesterol (+0.09AE0.21 mmol/L, P=0.04), without significant changes in other blood lipids ( Figure 3 ). PCSK9 increased (+9%, +15.8AE34.7 ng/mL, P=0.007, Figure 3 ). There was no change (+2%, +19.4AE318 ng/mL, P=0.71) for lathosterol. Total circulating NEFA decreased in the whole study sample during overfeeding (À28%, À0.15AE0.24 mmol/L, P<0.001, Figure 3 ). FGF21 increased (+31%, +34.7AE166 ng/mL, P=0.04, Figure 3 ). There were increases in fasting insulin (mean change +17%, +0.91AE1.8 pmol/L, P=0.003), proinsulin (+21%, +0.73AE1.6 pmol/L, P=0.007), and homeostasis model assessment of insulin resistance (+18%, +0.20AE0.39, P=0.004) (Figure 3 ). There was no change in fasting plasma glucose (+0.1%, +0.005AE0.34 mmol/L, P=0.79).
The endothelial adhesion molecules vascular cell adhesion molecule-1 (+9%, +31586AE60567 pg/L, P=0.002), intercellular adhesion molecule-1 (+5%, +7231AE16459 pg/L, P=0.009), and E-selectin (+10%, +383AE866 pg/L, P=0.009) increased in the whole study sample during weight gain (Figure 3 ). There were no significant changes for endostatin or von Willebrand factor (P>0.10, Figure 3 ). For most individuals, little or no change could be detected for inflammation markers (P≥0.10), and thus, these data were not included in the figure.
Discussion
This is the first controlled study in humans that examined the cardiometabolic effects of overfeeding with different types of fat. Even during a hypercaloric state and weight gain, induced by overeating muffins especially high in fat (51%E), but also containing refined carbohydrates (44%E), PUFA in place of SFA improved plasma lipoprotein profile. There were no significant differences between diets in other cardiometabolic risk markers. In the whole group, however, modest weight gain was accompanied by increased markers of endothelial dysfunction and insulin resistance in healthy, normal-weight individuals. In addition, circulating PCSK9, a suppressor of LDL receptors, increased along with HDL cholesterol and the hepatokine and hormone FGF21. The effects of dietary fat overfeeding on PCSK9 levels, however, require confirmation in future studies using an isocaloric control group.
Previous studies have shown that most long-chain SFA increase LDL (and HDL) cholesterol, whereas unsaturated fats decrease LDL cholesterol and increase HDL cholesterol to varying extents. 2, 10 The mechanisms behind such effects have been investigated in isocaloric experimental models, but not in hypercaloric studies in humans. In mice, mechanisms for increases in LDL cholesterol following SFA intake have been demonstrated and include stimulation of the transcription factor sterol regulatory element-binding protein and coactivators of the PGC family, which increases the expression of lipogenic genes such as hepatic fatty acid synthase and hydroxymethyl glutaryl coenzyme A reductase. 11 On the other hand, PUFA has been demonstrated to bind to peroxisome proliferator-activated receptor a and thus induce hepatic fatty acid oxidation, 12 and suppress sterol regulatory element-binding protein -1, 13 which is involved in regulating lipogenesis and could partly explain how PUFA lowers LDL cholesterol.
Overfeeding studies in humans have usually been uncontrolled and of short duration. Studies lasting 4 weeks or more have demonstrated increases in blood pressure, 14,15 total 14 and LDL cholesterol, 15 insulin resistance, [16] [17] [18] [19] [20] [21] C-reactive protein, 19, 21, 22 and endothelial dysfunction markers. 14, 19 Our study indicates that these changes may in part be due to factors other than type of fat such as weight gain itself. The observed increase in proinsulin is a novel finding of interest since proinsulin is an independent predictor of coronary artery disease mortality. 23 In line with previous overfeeding studies, 21, 24 we observed a modest increase in HDL cholesterol.
Such increase, however, may not be clinically relevant, since increasing HDL cholesterol using drugs or through genetic variation has not reduced CVD risk. 25, 26 The reduction in circulating NEFA is in line with previous overfeeding studies 17, 27 and reflects insulin-mediated antilipolysis and increased triglyceride storage. We have previously shown in an isocaloric trial that PUFA decreased circulating PCSK9, 8 which is another path to LDL cholesterol reduction. PCSK9 increases circulating LDL cholesterol by degradation of the LDL receptor. 28 Although increased PCSK9 levels in response to overfeeding is a novel finding, there were no significant differences between diets. Circulating FGF21 increased during the moderate weight gain, which might have been induced by energy overload rather than excess body fat, since a recent study showed a 3-fold increase in FGF21 levels during 5 days of intense high-fat (+50%E) overfeeding. 29 The role of elevated FGF21 levels in weight gain is unclear, but may partly reflect a compensatory mechanism to counteract insulin resistance and dyslipidemia. 30 Strengths of the study include its double-blinded, randomized design, absence of dropouts during the study, and good compliance with diets. Limitations include short duration and low power to detect possible differences in some CVD risk factors. Negative results should therefore be interpreted with caution. Also, there was a 2.2% weight gain instead of aimed 3%, and this modest weight gain may have been insufficient to affect these factors in this young and metabolically healthy population. It may thus be inaccurate to generalize to obese and insulin-resistant populations. Some participants approached or reached the goal of 3% weight gain before week 7 and were thus instructed to decrease the number of daily muffins during the final week(s). In other words, it is likely that some participants were fairly weight stable during the final week and thus might have been in a less anabolic state than the majority of subjects at the follow-up assessment. Multiple statistical analyses raise the possibility that associations found are due to type-1 error. It seems biologically plausible, however, to expect similar improvements in lipoproteins during weight gain as in weight stability. The effect size on LDL cholesterol, although not statistically significant, was comparable to what could be expected on the basis of calculations during isocaloric conditions. 2 However, the mean difference in change in total:HDL cholesterol ratio (0.44) during overfeeding was more than twice the expected size if these fatty acids had isocalorically replaced one another, and could possibly reflect synergistic effects of weight gain combined with increased intakes of fatty acids and sucrose. Then again, the effect size was not unexpectedly high in comparison to other dietary trials in which test diets were provided and compliance to diets was highly controlled. 31 The previously reported decrease in circulating palmitoleic acid (16:1n-7) during the PUFA diet, 6 although not a prespecified study outcome, may also reinforce the conclusion that PUFA seems cardioprotective during positive energy balance, as a recent lipidomics analysis demonstrated that 16:1n-7 in plasma cholesterol esters was strongly related to CVD. 32 Our study provides novel knowledge by demonstrating improvements in atherogenic lipoproteins when the excess calories are proportionally high in PUFA. This indicates that fat type not only is of importance in isocaloric diets, but also during energy excess and moderate weight gain. We have recently reported from this study that liver fat and visceral fat accumulation is increased after overfeeding SFA, but prevented by PUFA. The current study extends those findings and demonstrates that mean total:HDL cholesterol, LDL:HDL cholesterol, and apoB:apoAI ratios were 13%, 19%, and 16% lower during overfeeding PUFA compared with SFA, respectively. We believe this is quite a remarkable difference considering the hypercaloric state. However, there were no significant differences between diets with regard to other cardiometabolic risk markers. This is in line with a previous trial using a similar but isocaloric protocol in abdominally obese subjects. 8 In that study, there were, in addition to lipidlowering effects, also some differences in markers of inflammation and insulin resistance in favor of PUFA, without any adverse effects on oxidative stress. 8 Notably, not even during high intakes, and hypercaloric exposure of linoleic acid, there were no adverse changes in any of the inflammation markers. However, the latter is not surprising since the possible pro-inflammatory fatty acids (ie, 20:3n-6 and 20:4n-6) were not increased in plasma after the PUFA diet. Although few studies have specifically tested tropical oils as a source of SFA, current recommendations for CVD prevention are to partially replace SFA with nonhydrogenated PUFA from nontropical oils. 33, 34 The current reduction in both total:HDL cholesterol ratio and apoB:apoAI ratio may be of clinical relevance. The total: HDL cholesterol ratio was the strongest predictor in the large Prospective Studies Collaboration, about 40% more informative than non-HDL cholesterol and more than twice as informative as total cholesterol. 35 Such data also accord with those of earlier studies in US, Chinese, and North European populations, where total:HDL cholesterol and/or apoB:apoAI ratios showed stronger associations with coronary heart disease risk, compared with other lipids. [36] [37] [38] [39] [40] As apoB concentrations reflect the number of LDL particles, it can be used as a marker of total atherogenic burden, especially when taking apoAI into account. 41 In summary, even modest diet-induced weight gain resulting mainly from increased fat intake may promote subclinical endothelial dysfunction and insulin resistance in young, healthy, nonobese individuals. In the context of a moderately high-fat diet, compared with overeating SFA (palmitic acid), PUFA (linoleic acid) instead counteracts some adverse cardiometabolic effects associated with weight gain, mainly by reducing atherogenic lipoproteins. Dietary fat composition thus seems to be important during weight gain, which is a novel finding that could have clinical implications in the long term. Since a large part of the population is in positive energy balance, these results are relevant at the population level, and support the current advice for CVD prevention (ie, partial replacement of SFA with PUFA).
